Abstract. The measurement of diffusive gradients in thin films (DGT) has been proposed as a surrogate for metal uptake by plants. A small-scale experiment was performed to test the predictive capacity of the DGT method with respect to uranium and heavy metal availability and uptake by ryegrass. Correlation analysis was performed to compare the results obtained with the DGT device with more conventional bioavailability indices: concentration in pore water or in selective extractants. Six soils with different histories of uranium contamination and with distinct soil characteristics were screened. For uranium, the bioavailability indices evaluated were highly correlated, indicating that uranium pools assessed were at least partially comparable. For heavy metals, bioavailability indices were hardly correlated. Uranium concentration in the pore water was a better predictor for uranium uptake than amount recovered following selective extraction. The concentration measured with DGT (C DGT ) was also highly correlated with plant uptake. However, the significance level was sensitive to the value of the diffusion coefficient (pH dependent or not) used to calculate C DGT . For the heavy metals screened, only in the case of Cd was uptake predicted by C DGT .
INTRODUCTION
In the assessment of the potential impact of contaminants in soils it is important to have an idea of the contaminant's mobility and bioavailability. Mobility and bioavailability of contaminants are among others affected by pollution type and origin, the element's physicochemical form and type and the physicochemical characteristics of the environment itself. Previous efforts to unravel the relation between 'available' forms of U and availability for plant uptake have not been very promising [1] [2] [3] [4] [5] . A new approach to assess metal bioavailability in soils, the diffusive gradient in thin film (DGT) technique, was developed for sampling an available fraction of heavy metals in soils [6] . Several studies have demonstrated a significant linear relation between the DGT measured effective concentration and plant uptake of heavy metals [7] [8] [9] .
The aim of this study was to test potential bioavailability indices for soils with different histories of uranium and heavy metal contamination and distinct soil characteristics and to evaluate whether one of these methods could be proposed as a quantitative measure of U and heavy metal bioavailability. Emphasis in this study is on U. The indices screened were: DGT measured concentrations, soil pore water concentration, fractions recovered following 0.4 M MgCl 2 extraction (fraction considered exchangeable according to the NIST standardized sequential extraction method developed for U [10] ) or 0.11 M CH 3 COOH extraction (fraction considered exchangeable according to the BCR sequential extraction method developed for heavy metal contaminated soils [11] ).
MATERIALS AND METHODS

Soil contamination history and soil analysis
The six soils used covered a broad range of pH, clay and organic matter content (Table 1) and had different histories of U contamination levels. Two soils were spiked with 238 U (acid and alkaline soil, Ac-Al). The Winterbeek soils (Agricultural and Natural, WA-WN) were impacted by effluents from the phosphate industry. The Settendorf soil (S) was impacted by U milling activities. The Bioul soil (B) has high natural background levels of U. These latter 4 soils also contained higher concentrations of heavy metals. The heavy metals evaluated were Cd, Cr, Cu and Zn. Soils were incubated (3 weeks, 50% WHC) and analysed for U and heavy metal (HM) concentration in pore water, extractable U/HM (0.4 M MgCl 2 or 0.11 M CH 3 COOH extracts), and U/HM recovered by the DGT resin (24 h deployment time). The mass of metals in the DGT resin gel (M, g) was obtained following
where C e is the concentration in the eluent ( g ml −1 ), V HNO 3 is the volume of HNO 3 (1 ml), V gel is the volume of gel (0.15 ml) and f e is the elution factor for metals. For f e we applied a value of 0.678 for U as proposed by Li et al. [12] and a value of 0.8 as proposed by Zhang and Davison [6] . Time-averaged concentration at the soil interface diffusive layer was calculated from: (Table 1) .
Analysis of U and heavy metals was done by ICP-MS. Distribution of aqueous uranium species was calculated using the geochemical computer code The Geochemist's Workbench®database Pro 5.04 [14] using the NEA thermodynamic data review by Grenthe et al. [15] . Speciation calculations were performed for the average soil solution composition.
Plant culture and analysis
Ryegrass was used as test plant. In total 24 containers were kept under greenhouse conditions (20
• C/15
• C, 12 h/12 h, 260 ± 30 mol photons m −2 s −1 ). Shoots were harvested after 5 weeks plant growth. Dry weight was recorded and shoot U and heavy metal concentration analysed by ICP-MS.
Statistics
Correlation analysis were performed on log-transformed data with Statistica [16] for all U related parameters. For heavy metal related parameters analysis was done on original data.
RESULTS AND DISCUSSION
Soil properties and U availability
General characteristics of the 6 soils are presented in Table 1 . Total U content in soils ranged from ∼2 mg kg −1 for the Winterbeek soils to 157 mg kg −1 for the Settendorf soil. The soil with the largest U content (S) also showed the highest pore water concentration, and the soils with the smallest U content (WN and WA) showed the lowest pore water concentration. Total contents and concentration in soil solution hence seem well correlated (r = 0.94) despite the difference in contamination history and soil properties. However, the relation failed to be significant (r = 0.45) if the Settendorf soil (which clearly drives the regression) was excluded from the analysis.
Concentration of U in the soil solution (C sol ) of spiked soils was higher than for soils with historical U contamination both in absolute and relative terms (except for the Settendorf soil), partially explained by the recent nature of the contamination. Higher C sol for the alkaline spiked soil compared to the acid spiked soil was explained by the formation of highly soluble carbonate complexes above pH 6. The high amorphous iron content of the Winterbeek soils contributed to the low solubility. The Bioul soil showed the lowest C sol (relative) since U was largely incorporated in the mineral matrix. This soil also had a rather high CEC, clay and amorphous Fe content and neutral pH, contributing to lower U availability. High C sol of the Settendorf soil could not be attributed to measured soil characteristics but speciation calculations showed the highest concentration of soluble uranylcarbonate species in this soil. A similar picture was observed for MgCl 2 and CH 3 COOH extractable amounts and for C DGT . Following log-transformation, significant correlations were found between C sol and U recovered by the selective extractants (r = 0.96) and C DGT (r = 0.99). C DGT was also related to U recovered by the selective extractants (r = 0.95). C DGT,pH was significantly correlated with C sol but not with U recovered in the MgCl 2 and CH 3 COOH extracts (Table 2) .
C DGT was lower than C sol because of depletion of the soil solution concentration at the DGT interface. Lower values for C DGT than for C sol may be due since only a fraction of the U species in the soil solution are positively charged (DGT resin is negatively charged). Speciation calculations showed a predominance of neutral and negatively charged U species for soils with neutral-alkaline pH. Only if neutral and negative charged complexes dissociate upon contact with the soil-DGT interface, uranyl can be sorbed by the resin. The higher C DGT /C sol ratio (0.57) for the alkaline soil (with a predominance of negatively charged uranylcarbonate species), compared to that of the acid soil (0.22) (with a predominance of the free uranyl cation), implies a fast dissociation of negatively charged complexes, as found by Li et al. [12] . C DGT was not significantly related to the concentration of free uranyl or positively charged U species (Table 2) .
Prediction of U uptake from availability indices
Concentration of U in ryegrass shoots varied 300-fold (Table 1) and was highest for the spiked soils and the Settendorf soil, exhibiting high U levels in soil solution and available fractions. C sol and the U concentrations in ryegrass shoots were significantly correlated (r = 0.95) ( Figure 1a , Table 2 ). C DGT was a good predictor for U shoot uptake (r = 0.94) (Figure 1b ) only when C DGT was calculated using a constant diffusion coefficient D d . For C DGT,pH , this relationship was not significant (Figure 1c ). This means that C DGT predictions are very sensitive to the value of the diffusion coefficient. Proper estimation of D d for U for conditions applicable to soils is hence required. A significant correlation was found between U recovered in the MgCl 2 or CH 3 COOH extracts and shoot concentration. This could also imply that the available fraction (CH 3 COOH extraction) defined by the BCR method developed for heavy metals is also useful for predicting U phytoavailability.
Availability of heavy metals and prediction of heavy metal uptake from availability indices
Contaminant levels are lowest for Cd and highest for Cr and Zn. For a given element, there is an about factor 10 difference in total contaminant concentration and an about factor 100 difference in 'available' fractions between the different soils studied. DGT-recovered concentrations are low compared to pore water concentrations: the ration C DGT /C sol is smaller than 0.3 except for Zn for Settendorf (0.6) and Winterbeek soils (∼1.1) and for Cd for Bioul (0.5) and Winterbeek Agricultural soil (0.7) ( Table 3) .
Only few correlation coefficients between availability indices for heavy metals were significant ( Table 4) .
Predictability of shoot concentrations from availability indices was heavy metal dependent. Contrary to the results for U, correlation was generally only significant with one availability index. Uptake of Cd by ryegrass was best predicted by pore water concentrations followed by C DGT , whereas Cr and Cu uptake was best predicted by extraction with MgCl 2 , a methodology developed to assess U availability [10] . Shoot Zn concentrations could not be predicted by screened availability indices. No better correlations were obtained with concentration of free ions. Our results are not in agreement with literature findings, perhaps given the very diverse contamination history and characteristics of the soils studied or because of the limited data set. Koster et al. [17] found that DGT-measured Zn, pore water content and CaCl 2 extract, were all equally significantly related to Zn-uptake by lettuce and ryegrass. Zhang et al. [8] found that Cu uptake by Lepidium heterophyllum could be predicted more accurately from DGT measured fluxes than using total solution concentrations or even free ion pore water concentrations. Almås et al. [18] on the other hand found that the DGT measured concentration correlated well with the Cd and Zn uptake by spinach and ryegrass in the non-toxic range and the free ion concentration of Cd and Zn in pore water correlated well with the contents in spinach and ryegrass for a broader exposure range.
CONCLUSIONS
The uranium bioavailability indices screened were highly correlated, indicating that uranium pools assessed were at least partially comparable. Uranium concentration in the pore water was a better predictor for uranium uptake by ryegrass than amount of uranium recovered following extraction with 0.11 M CH 3 COOH or 0.4 M MgCl 2 . The concentration measured with DGT concentration, C DGT , was also highly correlated with plant uptake. However, the significance level was sensitive to the value of the diffusion coefficient (pH dependent or not) used to calculate C DGT .
